
 
 

University of Birmingham

Laser-induced carbonization of stainless steel as a
corrosion mitigation strategy for high-temperature
molten salts applications
González-Fernández, Luis; Anagnostopoulos, Argyrios; Karkantonis, Themistoklis;
Bondarchuk, Oleksandr; Dimov, Stefan; Chorążewski, Mirosław; Ding, Yulong; Grosu,
Yaroslav
DOI:
10.1016/j.est.2022.105972

License:
Creative Commons: Attribution (CC BY)

Document Version
Publisher's PDF, also known as Version of record

Citation for published version (Harvard):
González-Fernández, L, Anagnostopoulos, A, Karkantonis, T, Bondarchuk, O, Dimov, S, Chorążewski, M, Ding,
Y & Grosu, Y 2022, 'Laser-induced carbonization of stainless steel as a corrosion mitigation strategy for high-
temperature molten salts applications', Journal of Energy Storage, vol. 56, 105972.
https://doi.org/10.1016/j.est.2022.105972

Link to publication on Research at Birmingham portal

General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

•Users may freely distribute the URL that is used to identify this publication.
•Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 15. May. 2024

https://doi.org/10.1016/j.est.2022.105972
https://doi.org/10.1016/j.est.2022.105972
https://birmingham.elsevierpure.com/en/publications/7a514e3d-2ef9-4970-b7a5-97d0078699dc


Journal of Energy Storage 56 (2022) 105972

Available online 7 November 2022
2352-152X/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Research Papers 

Laser-induced carbonization of stainless steel as a corrosion mitigation 
strategy for high-temperature molten salts applications 
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A B S T R A C T   

New heat transfer fluids are necessary to shift the operation temperature of concentrating solar power plants 
(CSP) to higher temperatures. Ternary carbonate salts (Li2CO3-K2CO3-Na2CO3) are a promising candidate. 
However, higher temperature translates to harsher operating conditions for CSP structural components as 
corrosion is more prevalent. In this work, we explore, for the first time, the use of laser micro-machining 
technology as a surface modification method to inhibit corrosion of CSP structural materials by molten salts. 
The corrosion behaviour of SS310 in molten ternary carbonate salt is investigated through static immersion for 
600 h. Nanosecond laser treatment results in the adhesion of organic groups in the form of hydrocarbons. These 
then decompose into carbon and contribute to corrosion inhibition through carbonization and the formation of 
carbide layers. This is confirmed by the reduced diffusion of Li + ions in the SS310, the formation of denser 
corrosion products and the protection of chromium oxide layers.   

1. Introduction 

Currently, fossil fuel-based energy is used to power roughly 80 % of 
the total global energy demand [1]. Dependency on non-sustainable 
pathways to generate energy coupled with a rapidly growing global 
energy demand has led to considerable environmental challenges [1]. A 
sustainable solution to these issues is the high penetration of renewable 
energy, with the sun being the most abundant source of “clean energy” 
[2]. 

Concentrating solar power (CSP) is a technology complementary to 
photovoltaics. It uses concentrating collectors to accumulate high- 
temperature heat and feed it into a conventional power cycle where it 
is transformed into electric energy. CSP has been around since the 
1960s, but massive adoption started in 2007, primarily in the United 
States and Spain [3]. More recently, installations have been imple
mented in the Middle East, North and South Africa, as well as India and 
China, bringing the total install capacity in 2020 at 14.5 TWh, with a 

projected 204 TWh by 2030 [4]. 
CSP, although a mature technology, still has room for improvement. 

Increasing the operating temperature has been shown to considerably 
improve the power cycle efficiency, thus increasing capacity and 
decreasing levelized costs [5]. Currently, most CSP plants utilize a 
mixture of molten nitrate salts, the so-called solar salt (SS), both as a 
heat transfer fluid to transport the heat concentrated at the receiver as 
well as a thermal energy storage medium [6,7]. SS, however, has a 
maximum operating temperature of 565 ◦C [8]. NextGen CSP plants are, 
therefore, looking for alternative mediums for heat transfer and storage. 
Molten salts are well established in CSP due to their good heat capacity, 
high density and low vapour pressure. Of these salts, the best options for 
the next Gen plants are molten chloride and carbonate salts. 

Chloride salts, although more economically competitive, suffer from 
poor compatibility with structural materials used in CSP plants [9,10]. 
Extensive corrosion studies of steels and alloys in molten chloride and 
carbonate salts have reported substantially higher corrosion rates in 
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chlorides [11]. Therefore, despite being more expensive, carbonate salts 
are still explored. Among various carbonate salts, the eutectic LiNaK 
carbonate salt (32.1 wt% Li2CO3; 33.4 wt% Na2CO3; 34.5 wt% K2CO3) is 
widely recognized as the most competitive alternative [12]. 

Coyel et al. were the first researchers to investigate the corrosion of 
LiNaK salts in CSP structural materials. They evaluated the corrosion 
performance of a series of alloys in contact with LiNaK at 900 ◦C and 
found Inconel 600 to be the most compatible [13]. More recently, 
Takeuchi et al. investigated the performance of Fe–Cr alloys in molten 
Li2CO3/K2CO3 and found that the thickness of the outer and mid-layer 
decreases with increasing Cr content [14]. This was further verified by 
Ahn et al., who observed a higher corrosion resistance of 310S compared 
to 316 L, which was attributed to the lower Cr content of the latter [15]. 
Miguel et al. studied the corrosion behaviour of molten ternary in con
tact with HR3C at 700 ◦C for up to 2000 h. He noted that an initial layer 
of chromium was formed on the metallic surface that was later dissolved 
in the salt leaving a multilayer structure primarily consisting of iron 
oxide, nickel and chromium [16]. Similar results were reported by the 
same group in a study of HR3C immersed in molten carbonate ternary. 
They further reported that corrosion was accelerated at 800 ◦C 
compared to 700 ◦C [17]. This was also confirmed by Luo et al. in a 
compatibility study of SS316 with LiNaK at 600 ◦C and 700 ◦C [18]. Sah 
et al. conducted an electrochemical study of molten carbonate ternary in 
contact with 310S, 316 L, and 304 in a CO2:O2 = 2:1 atm and reported 
310S having the highest and 304 the poorest corrosion resistance. This 
was linked to Cr and Ni contents, with Cr-content linked to the highest 
passivation [19]. In a study by Gonzalez et al., the corrosion rate on 
AISI316 by molten ternary carbonate salt was found to be 2.07 mm/yr at 
600 ◦C. The authors noted that the content of Li2CO3 slows the corrosion 
rate [20]. Sarvghad et al. reported a positive effect of annealing on the 
corrosion of Inconel 601 as well as SS316L by LiNaK at 450 ◦C. 
Annealing was linked to more uniform grain boundaries and density of 
dislocations that mitigates intergranular failure, which is the main 
reason for stress-assisted oxidation [21–23]. 

In view of the above, molten LiNaK is a promising candidate for next- 
gen CSP plants. However, its compatibility with structural material 
candidates is poor in the projected operational time frame of CSP plants 
(25 years). Efforts are ongoing to develop novel methods to mitigate 
corrosion. This is either through doping the molten salt with additives or 
through modification of the metallic surface properties [24–26]. Frag
nini and Loreti reported decreased corrosion rates of SS316L in molten 
LiNaK at 650 ◦C with the addition of Mg and Ca ions at concentrations 
<10 % mol [27]. We recently proposed a simple spray-graphitization 
method for corrosion mitigation of SS310 and SS347 by molten LiNaK 
at 650 ◦C. Graphite spraying led to the formation of an iron carbide/ 
carbonate layer that reduced Cr diffusion, thus inhibiting further 
oxidation [28,29]. 

Surface modification methods have recently emerged as promising 
candidates for molten salt corrosion mitigation. Kondaiah and Pitch
umani induced a multiscale fractal texturing on SS316, In800H, In718, 
In625, and Ha230 via chemical etching and annealing. They demon
strated corrosion mitigation in 60 % NaNO3 + 40 % KNO3 at 600 ◦C of 
up to 87 % when compared to plain surfaces. It was found that the of the 
initially grown oxides of spinels on the etched surfaces act as passive 
layers and prevent further deterioration [30]. In addition, laser micro- 
machining technology has widely been used as a method to tailor the 
functional response of materials by modifying their surface topography 
and/or chemistry. Thus, it has been effectively employed to improve the 
corrosion resistance of stainless steel, alloys and aluminium surfaces in 
aqueous solutions [31–33]. Quite recently, Fan et al. used an ultrashort 
pulsed laser for polishing yttria-stabilized zirconia coatings to mitigate 
corrosion by Na2SO4 + V2O5 at 1000 ◦C. The polishing resulted in a 
smooth, uniform surface with healed voids that alleviated diffusion 
[34]. 

This work serves as a proof-of-concept study of nanosecond laser- 
induced carbonization as an approach for corrosion mitigation of 

metallic surfaces in molten salts. Irradiation of stainless steel samples 
with nanosecond laser pulses has been shown to promote silanization 
[35]. Here we observe the formation of silanes at the surface of an SS310 
after laser treatment that are then transformed into iron carbides and 
carbonates during the corrosion test. These layers mitigate corrosion 
evolution. These results are of relevance for a broad range of applica
tions, where high-temperature molten salt corrosion is a major issue, 
namely, CSP, storage plants, power-to-heat-to-power, fuel cells, nuclear, 
etc. 

1.1. Materials and preparation 

Eutectic ternary carbonate salt was employed for the corrosion test: 
34.5 % K2CO3–33.4 % Na2CO3–32.1 % Li2CO3 (weight concentration). 
The components of the ternary salt were purchased from Sigma-Aldrich, 
with purities higher than 99 %. Before mixing in the correct proportions, 
the carbonates were dried at 120 ◦C in the oven for no <12 h. After
wards, they were weighted and blended. 

SS310 samples of 20 × 10 × 2 mm size were used for the corrosion 
experiments, whose composition is detailed in Table 1. Both surfaces of 
the pieces were polished up to 1200 SiC sandpaper using ATM Saphir 
stationary polishing machine. Next, the samples were successively 
cleaned in acetone, ethanol and distilled water in an ultrasonic bath for 
15 min for each solvent. 

1.2. Laser surface treatment 

The surface texturing experiments were carried out on a laser micro- 
machining system (LASEA LS5, Belgium) under atmospheric conditions. 
More specifically, the system integrates a nanosecond MOPA-based Yb 
fibre laser (SPI G4 S-type) with a nominal wavelength of 1064 nm, 
average power up to 50 W and a maximum repetition rate of 1 MHz. The 
samples were processed with a circularly polarised Gaussian laser beam 
(M2 < 1.3), which was focused down to a beam spot diameter of 40 μm 
at the focal plane using a telecentric lens with a 100 mm focal length. 
The pulses delivered on their surfaces had a fixed duration of 220 ns. A 
3D scan head (Rhothor RTA) was incorporated into the beam delivery 
sub-system to control the laser beam movements. Thus, it was employed 
to direct the focused beam across the samples at a scanning speed of 
1000 mm/s. Finally, a set of high precession motorised stages was used 
to position the substrates at the focal plane prior to their laser 
processing. 

A particular laser texturing operation was performed to fabricate 
highly homogeneous square-shaped micro-pillars onto the surface of the 
metallic samples by following the strategy and processing window 
described in another work [36,37]. Briefly, the desired topography was 
attained by scanning the surface in two perpendicular directions, like a 
grid, with a constant repetition rate of 65 kHz and pulse fluence of 9 J/ 
cm2. In the employed grid-like scanning strategy, a constant hatch dis
tance of 100 μm was set between two consecutive lines in both directions 
to produce micro-grooves on the surface. After repeating the entire 
procedure five times, bulges from the recast material were formed along 
the edges of the grooves due to the thermal effects during the nano
second pulsed laser processing. 

After the texturing operation, the patterned surfaces were stored in a 
laboratory environment for a total of 45 days. This timeframe is 
considered sufficient for the contact angle to change to super
hydrophobic, which confirms that maximum carbon content has accu
mulated on the surface. Such over-time transition of nanosecond laser 
processed metallic surfaces in air has been reported by researchers [38]. 

1.3. Corrosion protocol and experimental setup 

The corrosion test was carried out by placing the SS310 samples in 
alumina crucibles and covering them completely with 25 g of eutectic 
carbonate salt. The crucibles were inserted into a furnace and heated to 
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600 ◦C, with a 5 ◦C/min heating rate. The duration of the experiment 
was 600 h. Afterwards, the furnace was cooled to 450 ◦C at 5 ◦C/min, 
and the samples were then extracted from the molten salts by tweezers. 

1.4. Characterization techniques 

1.4.1. Scanning Electron microscopy - SEM 
For the SEM analysis, a Quanta 200 FEG model was used in high 

vacuum mode at 20 kV with a backscattered electron detector (BSED) 
and an Everhart-Thornley Detector (ETD). Energy-Dispersive X-Ray 
Spectroscopy (EDX) was performed for elemental mapping. Addition
ally, FEI Helios NanoLab 450S DualBeam – Focused ion beam (FIB) with 
FEG SEM was used. 

Firstly, the surfaces of all the samples were analysed on both sides. 
Secondly, the cross-section of samples was checked to further study the 
corrosion layer. For this purpose, the samples were embedded in a resin 
holder composed of Aka-Resin and Aka-Cure catalyst (1 mL to 0.135 mL 
proportion, respectively). When the resin solidifies, it creates a hard 
shell that protects the corrosion layer from detaching during the cutting 
and polishing processes. To properly observe the sample’s cross-section, 
the samples underwent progressive polishing with 240, 400, 800, 1200 
and 2500 SiC sandpaper using an ATM Saphir stationary polishing 
machine. 

1.4.2. X-ray diffraction - XRD 
The X-ray diffraction measurements were carried out using a Bruker 

D8 Discover X-ray diffractometer equipped with an LYNXEYE detector 
using CuKα1 radiation (λ = 1.5418 Å) in Bragg-Brentano θ:2θ geometry. 
The data collection was carried out at room temperature, between 10o 

and 80o, with a step size of 0.02o and a collection time of 1 s/step. Later, 
the phase identification of each sample was performed by EVA software. 

1.4.3. X-ray photoelectron spectroscopy characterization – XPS 
The XPS measurements were performed in an ultra-high vacuum 

(UHV) system ESCALAB250Xi (Thermo Fisher Scientific). The base 
pressure in the system was below 5⋅10− 10 mbar. The XPS spectra were 
acquired with a hemispherical analyzer, and a monochromated X-ray 
source (Al Kα radiation, h  eV) operated at 15 keV and 200 W 1486.6=ט
power. The XPS spectra were recorded with pass energies 20 eV and 200 
eV for high resolution and survey spectra, respectively. The spectrom
eter was calibrated by setting the Au 4f7/2 level to 84.0 eV measured on 
a gold foil. 

XPS spectra were peak-fitted using the Avantage data processing 
software. For peak fitting, the Shirley-type background subtraction was 
used. Quantification was done using elemental sensitivity factors pro
vided by the Avantage library. 

The XPS system features a dual-mode Ar ion source MAGCIS 
(Thermo Fisher Scientific), which can operate in monoatomic and 
cluster modes. Before XPS characterization, the surfaces of the samples 
were cleaned using Ar cluster ions of 1000 atoms. For Ar cluster 
cleaning, an accelerating voltage of 6 keV was used. For depth profiling, 
the MAGCIS was operated in the monoatomic mode with beam energy 4 
keV and beam current 3 μA. 

1.4.4. Inductively coupled plasma optical emission spectroscopy – ICP-OES 
Samples were analysed using a Horiba Ultima 2 (Jobin Yvon, Long

jumeau, France) in conjunction with an AS500 autosampler and Acti
vanalyst software (version 5.4). 

The ICP-OES operating conditions were as follows: 1.0 kW of RF 
power, 13 l/min of a plasma-gas flow rate, 0.2 l/min of a sheath-gas flow 

rate and 0.25 l/min of a nebulizer-gas flow rate. Solutions were intro
duced into the plasma torch using a nebulizer and a cyclonic-type spray 
chamber at a flow rate of 0.87 mL/min. 

A multi-elemental standard solution of 100 mg/l containing 25 ele
ments supplied by Scharlab (Barcelona, Spain) was used for calibration. 
HNO3 69 % from Scharlab (Barcelona, Spain) analytical grade and Ul
trapure Water from Fischer Scientific (Waltham, Massachusetts, USA) 
were used for dilutions. 

1.4.5. FTIR (Fourier transform infrared) 
A spectrometer Vertex 80v (Bruker) was deployed for the FTIR 

measurements operated in the reflectance mode with incident and 
escape angles of 300, 450, and 600 with respect to the surface normal. 
The sample compartment was evacuated down to ~2 mbar during the 
measurements. The spectra were referenced against vacuum signal. The 
number of spectra accumulations was 100 scans with a resolution of 4 
cm− 1. 

2. Results 

2.1. Before corrosion test 

The first examination of the laser-treated sample (LTS) was optical 
by means of a macro lens. Fig. 1 presents an image of the sample, where 
a regular pattern on the surface of the SS310 is observed due to laser 
texturing. This pattern slightly increased the thickness of the sample. As 
a reference, the initial thickness of the SS310 piece was approx. 1.9 mm. 

The as-prepared LTS was analysed by SEM to evaluate the homoge
neity of the surface. As can be seen in Fig. 2, a repetitive pattern was 
observed across the entire surface. The width of the grooves produced by 
the laser, together with the area enclosed between the micro-pillar 
structure, are included in the figure. 

The surface topography of the LTS was also analysed by a profil
ometer. In particular, a surface profile of the pristine LTS, taken 
perpendicularly to the pattern, is shown in Fig. 3. From this plot, it is 
evident that the groove structures produced on the surface, i.e. the 
smaller region between the two peaks, had a width of around 37 μm 
while the area enclosed between the micro-pillars was measured to be 
roughly 63 μm. The dimensional characteristics of the grooves and pil
lars determined from the surface profile are in agreement with the ones 
measured in the SEM images. Finally, it should be noted that the height 
of the pillars (surface height increase) was found to be approximately 8 
μm. 

The content of carbon on the surface of the LTS was quantified by 
SEM-EDX in the two different regions of the pattern. A significant 

Table 1 
Chemical composition (wt%) of tested SS310.  

Element Fe Ni Cr Mn Si P C S 
Concentration Balance 19.1 24.9 1.81 0.64 0.03 0.05 0.01  

Fig. 1. Optical image of the laser-treated surface of SS310.  
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amount of C has been detected in the pillars, while no C content is found 
in the grooves. Additionally, the composition of the pillars considerably 
differs from one of the grooves and is more similar, apart from the 
carbon content, to the composition of the untreated SS310 (Fig. 4b). The 
presence of oxygen in the pillars can be an indication of superficial 
oxidation of the sample, probably attributable to the energy absorption 
that takes place during the laser treatment. This is further evidenced by 
the reduced amount of iron, nickel and chromium content on the square 
area enclosed by the pillars, as opposed to untreated steel, which in
dicates the formation of iron and nickel oxides. Similar observations 
were noted by Rukosuyev et al. on femtosecond processed AISI 316L 
[39]. 

The phases present in the LTS’s surface have been identified by XRD 
(Fig. 5). The prominent peaks correspond to the metallic components of 
the SS310: Fe, Cr and Ni. Additionally, there are minor peaks of 
magnetite, which agrees with the oxygen present in the previous 
compositional analysis. However, although carbon was detected in the 
sample by SEM-EDX, no C-containing phase was present in the dif
fractogram. This suggests that the carbon incorporated into the SS310 is 
amorphous. 

Fig. 2. SEM images of as-prepared LTS.  

Fig. 3. Roughness profile of the pristine LTS.  

Fig. 4. Compositional analysis obtained by SEM-EDX for (a) laser graphitized and (b) pristine SS310 sample.  
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In Fig. 6, the cross-section images of pristine LTS are presented. The 
sample was cut perpendicularly to one of the directions of the laser 
pattern and parallel to the other one. The indentations shown in the 
figure correspond to the groove structures produced after the laser 
treatment. Although the Fe3O4 phase was identified by XRD, no appre
ciable layer can be observed in the outer region of the LTS. 

2.2. After the corrosion test 

Images of laser-treated and non-treated SS310 samples after the 
corrosion test are presented in Fig. 7. No peeling of the corrosion layer 
has occurred during exposure to the molten salt in the case of the LTS. 
On the contrary, a pronounced detachment is visible in the non-treated 
SS310 sample. Remarkably, the only appreciable peeling of the LTS is 
located at the edge of the sample, i.e. the area not textured by laser. This 
is a visual testament to the corrosion mitigation properties of the LTS. 
This is further verified by the homogeneity of the LTS, with no pro
nounced corrosion spots as opposed to the inhomogeneous state of the 
untreated SS310 sample, which is full of spots and presents a carrying 
color gradient. 

The superficial homogeneity has also been observed by SEM (Fig. 8). 
After the corrosion test, the pattern produced by the laser is still visible. 
However, no differences in composition have been detected by SEM- 
EDX between the grooves and the squares. At the highest magnifica
tions, two different types of crystals are appreciated, a smaller and less 
regular one and another bigger one with a rhombohedral shape. 

For comparison, in Fig. 9, the SEM images of the surface of the non- 
treated SS310 sample are presented. The non-homogeneity of the 
corrosion layer can be observed for the lowest magnification image 

(Fig. 9a). Different crystal formations can be seen at higher magnifica
tion: tubular formations (Fig. 9b) and irregular crystals (Fig. 9c). 

The roughness profile of the LTS after the corrosion test is compared 
to the initial profile (Fig. 8). It can be observed that the valley located in 
the middle of the groove has not changed in height or shape. The 
modification takes place in the squares, whose level has significantly 
increased due to the corrosion process. This suggests that valleys, where 
laser ablation took place formed stable oxides, which were not affected 
during the corrosion test in ternary carbonate salt. On the contrary, the 
pillars, which were found to be rich with carbon before the corrosion test 
(Fig. 4), underwent some transformation (Fig. 10). 

Fig. 11 shows the XRD curve of the tested LTS, together with the 
pattern corresponding to graphitized SS310 and non-treated SS310 
samples after the same type of corrosion experiment [29]. The dif
fractograms of laser-treated and graphitized samples are very similar, 
presenting almost identical phases. This indicates that the laser treat
ment leads to the formation of a protective layer of carbon-containing 
with phases similar to those observed in spray-graphitization [29]. 
Indeed, for the LTS, the presence of the iron carbide and iron carbonate 
phases is more pronounced than for the spray-graphitization case. This 
suggests that the carbon-rich pillar regions of patterned SS310 were 
transformed into protective carbide and carbonate phases. 

In Fig. 12, the SEM-EDX analysis of the cross-section for LTS is pre
sented. Combining the results of XRD (Fig. 11) and SEM-EDX mappings, 
the location of the phases present in the corresponding corrosion layer 

Fig. 5. XRD pattern of the pristine LTS.  

Fig. 6. SEM images of the cross-section of the pristine LTS at different 
magnifications. 

Fig. 7. Optical images of a) laser-treated and b) non-treated SS310 samples 
after the corrosion experiment. 
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can be determined. In the LTS, the mixed Cr oxides containing phases 
are located in the layer close to the substrate, the darker region, while 
the Fe mixed oxides grow above that layer. On top of the corrosion scale, 
carbides and carbonates can be found. The same behaviour is repeated 

all along the corrosion layer. The corrosion scale is dense and well- 
attached to the substrate. 

In contrast, in reference SS310 (Fig. 13), the respective locations of 
the layers rich in Cr and Fe are not maintained. In some regions, the 

Fig. 8. SEM images of LTS after corrosion test for several magnifications.  

Fig. 9. SEM images of SS310 sample after corrosion test for several magnifications.  

Fig. 10. Roughness profile of the LTS before and after the corrosion test. The figure on the right is a detail for ease the comparison.  
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layer made of LiCrO2 is located on the outer side of the corrosion layer 
(Fig. 13a), while in other cases, the mixed Cr oxides are placed in the 
interface between the metallic substrate and the corrosion layer 
(Fig. 13b). This behaviour is a sign of inhomogeneity, the peeling of the 
corrosion layer, and the growth of a new layer. Figs. 12 and 13 indicate 
that the corrosion scale of non-treated SS310 is less regular and dense 
than LTS. 

The average corrosion layer thickness has been determined by 

analysing the cross-section images by ImageJ software. The thickness 
has been measured for >250 points to get a representative average 
value. The corrosion layer thicknesses are 26.9 ± 4.8 μm and 26.6 ±
2.47 μm for LTS and reference SS310 samples, respectively. Thus, in 
both cases, the corrosion rate is ~390 μm/year. However, considering 
the peeling-off observed in the regular SS310, which did not happen for 
the LTS, the corrosion extent can be assumed to be reduced by the laser 
treatment. 

Fig. 11. XRD pattern of LTS and graphitized SS310 [29] after 600 h of corrosion experiment in carbonate salt at 600 ◦C.  

Fig. 12. SEM images and EDX mapping of the cross-section of LTS after 600 h of corrosion experiment at 600 ◦C.  

Fig. 13. SEM images and EDX mapping of the cross-section of reference SS310 after 600 h of corrosion experiment at 600 ◦C.  

L. González-Fernández et al.                                                                                                                                                                                                                 



Journal of Energy Storage 56 (2022) 105972

8

Moreover, in order to further quantify the effect of laser patterning 
on the corrosion rates, an ICP analysis of salts after the corrosion tests 
was performed (Fig. 15). ICP analysis was initially carried out on the 
samples shown in Fig. 7. However, no considerable difference was 
observed between the reference sample and the LTS. This was attributed 
to excessive peeling in the non-patterned areas of the LTS coupled with a 
high variance of the technique (Fig. 7). To this end, ICP was carried out 
in fully-patterned samples (Fig. 14, right). No Cr is detected in the salt 
after contact with the LTS sample. On the contrary, the salt after the 
corrosion test with reference SS310 contains a non-negligible amount of 
Cr. This translates to high Cr dissolution during the corrosion test. The 
salt, in contact with LTS, contains more Fe and Mn, after the corrosion 
test, which is in agreement with the cross-section analysis, where it can 
be seen that FeCO3 and Fe0.25Mn1.4C0.6 constitute the outer part of the 
corrosion layer, which is exposed to the molten salt (Fig. 12). 

2.3. Mechanism discussion 

The data presented above suggest that laser surface treatment can 
potentially inhibit corrosion of SS310, particularly in longer timeframes. 

The corrosion resistance of common alloy elements in molten salts is 
of the order of Cr < Fe < Ni. These elements react with the O− 2 and form 
corresponding LiCrO2 Li(Fe, Ni)5O8 and Li(Fe, Ni)O2 oxides through 
known reactions. The latter two, however, are known not to offer sub
stantial corrosion protection [29]. The cross-section analysis (Fig. 8a) 
proves this, as the Li(Fe,Ni)5O8 and Li(Fe,Ni)O2 oxides do not feature 
protective properties, and the underlying LiCrO2 oxide tends to dissolve 
in the molten carbonate salt. This is evidenced by the fact that the 
chromium oxide layer is present on the surface of the metal in some 
spots, whereas it has been completely dissolved in others. This is further 
established from the ICP analysis (Fig. 14), which indicates Cr in the salt 
only in the case of non-treated samples. 

Dissolution of chromium oxide in the molten salt is known to in
crease its basicity, which can then further amplify corrosion. The ba
sicity of the ternary carbonates is of the following order Li2CO3 >

Na2CO3 > K2CO3 [17]. This has also been confirmed by a recent ICP 
analysis of ternary carbonates in contact with SS310 [40]. Indeed the 
low molecular weight and smaller size of the Li + ion enable its diffusion 
and formation of oxide layers that are visible in the cross-sectional 
analysis (SEM analysis). In nitrate salts, Sun et al. argued that Cr 
correlated to higher content of NO2- in SS samples in contact with 
SS304. Cr was found to be oxidized by NO3- and thus promote decom
position of molten salts [41]. 

Numerous studies have reported the wettability transition of laser- 
induced femto-and nanostructured metal oxide surfaces exhibiting 
non-wetting behaviour over time in ambient air without the use of 
coating agents. Several mechanisms have been proposed to explain this. 

Kietzig et al. suggested that the catalyzed decomposition of carbon di
oxide into carbon on laser-produced active magnetite, which was 
responsible for the observed wettability transition of laser-ablated metal 
alloys [42]. This was also noted by Žemaitis et al., who observed CO2 
decomposition following a reaction with a non-stoichiometric oxygen- 
deficient active magnetite Fe3O4− δ, which was created during the laser 
irradiation process [43]. Long et al., on the other hand, indicated that 
CO2, O2 and N2 atmospheres had little influence on the transition to a 
non-wetting state and, on the contrary, were restraining. They further 
proposed that organic compounds in the air play a vital role in this 
transition process and verified an increase in C-C(H) bond content after 
the laser treatment [44,45]. Yang et al. further confirmed this by 
demonstrating a 70.52 % increase of C-C(H) functional groups on a 
nanosecond laser textured Inconel surface after exposure to air for 30 
days. In conjunction with the surface architecture, these chemisorbed 
organic compounds were found to be the mechanisms behind the 
wettability increase [46]. 

Indeed, FTIR analysis of the surface before and after being subjected 
to nanosecond laser processing reveals an increase in the intensity at 
wavenumbers corresponding to hydrophobic organic groups that match 
signals of long-chain hydrocarbons (Fig. 15). The data indicated that 
these groups are present only on the surface of the laser-treated SS310, 
not the untreated pristine surface or the one subjected to corrosion 
testing. Research has shown an increased number of airborne hydro
carbons present in chemical laboratories, particularly alkanes [47]. 

Fig. 14. Left: ICP analysis for molten salts after the corrosion tests with reference SS310 and LTS SS310; Right: Fully patterned LTS.  

Fig. 15. FTIR analysis of the LTS SS310 before and after 600 h of corrosion test 
at 600 ◦C. 
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Adsorption of hydrocarbons of various lengths on metallic surfaces has 
already been reported [48]. Depending on their length, these can 
decompose into carbon at different annealing temperatures [49,50]. 
This carbon reacts with iron in the stainless steel and is transformed into 
iron carbides and carbonates during the corrosion test. Evidence of this 
is the formation of a Fe0.25 Mn1.4C0.6 layer in the laser-treated sample, 
apart from the aforementioned oxide – Fig. 11. This layer was formed 
according to known reaction pathways identified in spray graphitization 
[51]. This reaction has been shown to release CO2, which helps stabilize 
salt corrosion and further promotes the formation of carbides. These 
carbides and carbonates overall work favourably towards corrosion 
stabilization. Indeed, the oxide layers in the case of the laser-textured 
sample are much denser, reflected in the inward diffusion of Li+, 
which is considerably inhibited compared to the untextured surface. On 
the plain surface, the inhomogeneity is evidenced by the formation of 
mixed corrosion products further from the surface. This multi-structured 
corrosion scale is more prevalent to cracking, due to the difference in the 
thermal expansion of the various corrosion products [18]. This cracking 
then results in easier peel-off. Such cracking is observed in the case 
where the outward chromium oxide layer has peeled off and the gap 
between the outward iron oxide layer and the chromium layer beneath it 
is evident. This contrast with respect to peeling can be visualized when 
comparing Figs. 1 and 7(a), where peeling on the pristine unprocessed 
edges of the laser treated sample is evident. In contrast, peeling of the 
textured area is minimal. 

3. Conclusion 

In this work, nanosecond laser treatment was investigated, for the 
first time, as an approach solution to corrosion inhibition in molten 
carbonate salts. Plain and textured SS310 substrates were immersed 
statically for 600 h in Li2CO3-Na2CO3-K2CO3 at 600 ◦C under an air 
atmosphere. After analysing the samples, the following major insights 
were drawn:  

1. Laser treatment leads to the adhesion of organic groups in the form of 
hydrocarbons on the SS310 surface. During the corrosion test, they 
decompose and contribute to forming carbonates and carbides.  

2. Under the investigated conditions, no reduction in the corrosion rate 
is observed when comparing the untreated with the laser-treated 
samples; 26.9 ± 4.8 μm and 26.6 ± 2.47 μm for LTS and reference 
SS310 samples, respectively (roughly 390 μm/annually).  

3. However, laser processing reduces peel-off and results in an overall 
improved denser corrosion product layer.  

4. This layer inhibits the inward diffusion of lithium, thus preventing 
the dissolution of chromium in the molten salt, which in turn stabi
lizes the chromium oxide layer improving corrosion performance. 
ICP analysis further confirms this. Such improvement is anticipated 
to be highly relevant under dynamic conditions, where displacement 
of salt with respect to construction material greatly enhances peel-off 
and chromium dissolution. 

Future work will be focused on dynamic conditions and longer 
timeframes where the stability of the chromium oxide layer and the 
reduced peel-off can further demonstrate the benefit of this processing 
protocol in corrosion inhibition for high-temperature molten salt 
applications. 
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Corrosion resistance of Cr/Ni alloy to a molten carbonate salt at various 
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